Abstract. The continuous changes in pulmonary hemodynamic properties in hepatopulmonary syndrome (HPS) and portopulmonary hypertension (PoPH) have not been fully characterized in large animal models of HPS and PoPH. Beagle dog models of HPS and PoPH were induced by chronic common bile duct ligation and Sephadex microspheres, respectively. The model was validated by catheter examination and pathological analyses, and the hemodynamic characteristics of the models were observed. The results revealed that the cross-sectional area of the blood vessel was significantly increased in HPS models, but it was significantly decreased in the PoPH models. Furthermore, the resistance of pulmonary circulation was elevated in models of HPS, but it was decreased in models of PoPH. The present findings renew the traditional view that pulmonary hypertension is due to the enhanced peripheral resistance.
Introduction
Liver transplantation (LT) has been performed since 1963 and is now a worldwide procedure (1) . LT has a 30-day and 5-year mortality rate of 5 and 30%, respectively (2) . Abnormalities of the pulmonary vasculature found in association with coexisting chronic liver disease were first reported in the 1950s (3, 4) . The pulmonary complications, such as hepatopulmonary syndrome (HPS) and portopulmonary hypertension (PoPH), make LT a procedure with more risks. Additionally, these liver disease complications reduce the chances of LT success, worsen the overall prognosis of patients and represent a challenge to the anesthesiologist (5, 6) . There is limited information with regards to the epidemiology, pathophysiology and treatment of HPS and PoPH (1) .
HPS and PoPH are associated with pulmonary arterial hypertension (PAH) and/or liver disease (7) . HPS is the most common condition, identified in 5-30% of cirrhosis patients, manifested by abnormal oxygenation due to excessive pulmonary microvascular dilation (8) . HPS is a well-recognized cause of a poorer outcome in the liver disease patient. PoPH is characterized by the development of PAH in the setting of portal hypertension with or without hepatic disease (8) . PoPH is observed in cirrhotic and non-cirrhotic portal hypertension and is not associated with the etiology of liver disease or the severity of portal hypertension. It is now clear that patients with PoPH or HPS should be properly diagnosed preoperatively and the severity of the disease should be graded to initiate the right treatment promptly (1). The proposed algorithm for diagnosing and grading HPS is based on the hemodynamic characteristics of pulmonary artery (1, 9) . However, the mechanical characteristics of pulmonary artery with HPS and PoPH remain to be elucidated.
Therefore, the aim of the present study was to investigate the mechanical characteristics of HPS and PoPH in beagle dog.
Materials and methods

Animals.
A total of 30 healthy beagle dogs (12 spayed females and 18 neutered males; median age, 3.2 years; range, 2.4-6.0; weight, ~15 kg), were used in the experiment. All the animals were kept in a clean level condition, with the room temperature maintained at 20±2˚C, relative humidity at 65±10%, diurnal cycle and free access to standard food and tap water (10) . Surgical procedures were performed under general anesthesia with medetomidine hydrochloride (0.1 ml/kg) and butorphanol tartrate (0.1 ml/kg), and under local anesthesia with lidocaine hydrochloride (2% with 1:80,000 epinephrine). Blood pressure, heart rate, respiratory rate and body temperature were closely monitored. Penicillin (400 U/g) was administered intramuscularly 3 consecutive days after the surgery to prevent infection.
The dogs were assigned to three groups randomly: HPS model, PoPH model and control. They had daily interaction with their caregivers and periodic access to outside Surgical and experimental procedures. Chronic common bile duct ligation (CBDL) in the animal is an established experimental model for human HPS (11) . CBDL was performed for HPS model dogs as described previously (12) . Normal control animals underwent mobilization of the common bile duct without ligation. Animals were evaluated 2 weeks after CBDL. All the animals had hepatic histological analysis and measurements of portal venous pressure and spleen weight (13) . Lung tissues were obtained from each animal. Sephadex microspheres (G50, 50-150 mm, medium; Pharmacia Biotech, Freiburg, Germany) were used to establish the experimental model for human PoPH, as previously described (10) . In brief, 25 g microspheres were placed in 500 ml of 0.9% saline (number of beads: 1.7x10 4 /ml), and subsequently the mixture was placed into an autoclave (120˚C for 30 min) for disinfection. Following disinfection, the size of the swollen beads should be 105-310 µm. The emboli were kept in a 4˚C refrigerator. Under an aseptic condition and through a midline abdominal incision, a catheter filled with heparin was inserted into the portal vein through the pancreaticoduodenal vein, with only its tip located in the main portal vein truck. The outer end was covered with a heparin lock and it was subsequently placed subcutaneously in the right hypogastrium (10) . The dogs received intra-portal injection of Sephadex microspheres at a 5-day interval (10 mg/kg body weight, mixed in 5 ml saline, administered in 30 sec) 6 times in total; while the controls were administered the same volume of saline in an identical manner. In order to evenly distribute the microspheres in the liver, the body of the dog was gently turned whilst injecting the emboli (10) . Following every injection, the catheter was washed with saline and subsequently filled with heparin to avoid occlusion (10) .
Histological examination. The lung specimen of the main pulmonary artery was collected by thoracotomy subsequent to sacrificing the by intravenous injection of potassium chloride under anaesthetic. The specimens were fixed in formalin (10%) and embedded in paraffin, sectioned (5-mm), stained with hematoxylin and eosin and examined by light microscopy (10, 14) .
Hemodynamic characteristics of the main pulmonary artery.
The pulmonary artery pressure (PAP) was measured using MedLab-U/4cs (Nanjing Medease Co., Ltd., Nanjing, China) every month after the initial CBDL or injection of the microspheres. The PAP prior to the CBDL or injection was regarded as the baseline. The level of the midaxillary line was set as the zero point (15) and subsequently the transducer was set to the same level to calibrate the machine prior to connecting to the catheter. The unit of measurement was mmHg (1 mmHg=0.133 kPa). The diameter and wall thickness of the pulmonary artery was measured by laparotomy. The velocity of blood flow in the pulmonary artery (PAV) was measured by the ALC-Ultrasonic blood flow system (Shanghai Alcott Biotech Co., Ltd., Shanghai, China). Pulmonary vascular resistance was calculated as PAP/PAV (mmHg/l/min). The ratio of the wall area and vascular cross-sectional area (Rwa-csa) of the main pulmonary artery was measured at the one-third position of the pulmonary valve side between the pulmonary valve and the bifurcation of pulmonary artery (16) .
Statistical analysis. The measurements are expressed as mean ± standard deviation. Statistical analysis was performed by SPSS 13.0 (SPSS, Inc., Chicago, IL, USA) for windows. Data were analyzed with the two-tailed Student's t-test or analysis of variance with Bonferroni correction for multiple comparisons between groups. P<0.05 was considered to indicate a statistically significant difference.
Results
Pulmonary artery changes subsequent to CBDL and Sephadex microspheres injection.
To assess whether the structure and hemodynamic characteristics of the pulmonary artery with HPS and PoPH changed, CBDL was used to establish the HPS model, and Sephadex microspheres injection was used to establish the PoPH model (Fig. 1) . In the HPS model dog, the main pulmonary artery was enlarged and its wall became thin, the vascular diameter was larger, and the cross-sectional area was increased compared to the control (Fig. 1A and C) . By contrast, in the PoPH model dog, the main pulmonary artery was smaller and its wall became thick, the vascular diameter was smaller, and the cross-sectional area was decreased compared to the control (Fig. 1B and C) . Thus, HPS and PoPH had opposing changes in the morphology of the main pulmonary artery.
Hemodynamic characteristics of the main pulmonary artery.
PAP of the control dogs was maintained on the baseline through the experiment (data not shown). In the HPS group, the systolic pressure and mean PAP were decreased ( Fig. 2A) . In the PoPH group, all the systolic pressure, diastolic pressure, and mean PAP increased (Fig. 2A) . The pulmonary vascular resistance in the HPS group was also decreased, but was enhanced in the PoPH group (Fig. 2B) .
Similar to the aforementioned observations, the diameter of the main pulmonary artery was enlarged in the HPS model dog, and was narrowed in the PoPH model dog (Fig. 3A) . The wall thickness of the main pulmonary artery became thin in the HPS group, and thick in the PoPH group (Fig. 3B) . Corresponding to those changes, the ratio of the wall area and vascular cross-sectional area (Rwa-csa) was significantly decreased in the HPS group, and significantly increased in the PoPH group (Fig. 3C) .
Discussion
PoPH and HPS are frequent complications of portal hypertension and cirrhosis (1) . In the present study, the PoPH and HPS models were established using beagle dogs with methods of CBDL and Sephadex microspheres injection. Arterial blood was drawn from the femoral artery as previously described (17) . The alveolar-arterial oxygen gradient was calculated as 150 -(PaCO 2 /0.8) -PaO 2 (18) . When the detection of PaCO 2 was <70 mmHg, the HPS model was effective. When there is portal hypertension, PAP is >25 mmHg, pulmonary vascular resistance >240 dyn.sec.cm -5 and pulmonary artery occlusion pressure <15 mmHg, the PoPH model is successful. Subsequently, the hemodynamic characteristics of PoPH and HPS were investigated.
PAH is a set of diseases or clinical syndrome with a high incidence rate and mortality, which is characterized by an increase in PAP and pulmonary vascular resistance caused by etiology of vasoconstriction, vascular remodeling and thrombosis (19) . The diagnostic criteria of PAH presented by the World Health Organization is mean PAP >25 mmHg in the resting state and >25 mmHg during exercise. When the PAH is not the correct treatment, it can cause right ventricular failure with increased volume load, and eventually can lead to fatality (20) . Although the etiology of PAH has been investigated for >100 years and the quality of life has improved for certain patients, the pathogenesis of PAH remains elusive (21, 22) . Current studies are focusing on the mechanism of PAH from a novel perspective to identify a promising target for treatment (23, 24) . Currently, HPS and PoPH have become areas of interest worldwide (1, 18, 25) . HPS is a well-recognized cause of worsened outcome in the liver disease patient, which is defined by the combination of intrapulmonary vascular dilatation and hypoxemia in patients with chronic liver disease or portal hypertension (26) . PoPH is the association between pulmonary hypertension and portal hypertension with or without hepatic disease (1) . The hemodynamic monitor is particularly useful for the diagnosis of HPS and PoPH, and for the anesthesiologist in correct decision making (1) .
In the present study, HPS and PoPH were further validated as different complications. In the HPS model dog, the main pulmonary artery was enlarged and its wall became thin, the vascular diameter was larger, and the cross-sectional area was increased when compared to the control (Fig. 1A and C) . By contrast, in the PoPH model dog, the main pulmonary artery was smaller and its wall became thick, the vascular diameter was smaller, and the cross-sectional area was decreased when compared to the control (Fig. 1B and C) . Therefore, the pulmonary morphology and hemodynamic properties of HPS and In the HPS model dog, the main pulmonary artery was enlarged and its wall became thin, the vascular diameter was larger, and the cross-sectional area was increased when compared to the control. By contrast, in the PoPH model dog, the main pulmonary artery was smaller and its wall became thick, the vascular diameter was smaller, and the cross-sectional area was decreased when compared to the control. PoPH are changed in the opposing direction. As HPS and PoPH are observed in the same patients (27) , we could hypothesize that there is a balance of hemodynamic properties and changes in the pulmonary artery morphology between HPS and PoPH, which may decide the development of lung complications. The present findings renew the traditional view that pulmonary hypertension is due to the enhanced peripheral resistance.
